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Introduction

29
Dietary guidelines are developed to inform the population about healthy food consumption. They are 30 based on evidence that is obtained for a representative selection of population and directed at the 31 population as a whole. However, it can be argued that personalized dietary recommendations should be 32 available because of the variation within the population. Personalized recommendations may be 33 perceived as more relevant and have stronger motivational effects because these can account for an 34 individual's preferences, requirements, needs, beliefs, etc.
(1) .
35
Previous diet optimization studies have explored personalized guidelines by modelling personalized 36 intake recommendations that deviate as little as possible from observed intake levels, while fulfilling 37 several health-related criteria on nutrient and contaminant recommendations, energy intake and/or 38 intake weight (2) (3) (4) . The arguments for minimizing the deviation from individual intake were that such 39 recommendations will be more relevant, realistic, and achievable for consumers, and therefore a higher 40 compliance with the recommendation could be expected.
41
An example of a national dietary guideline is the recommendation for fish intake in Denmark, which 42 states that the Danes should eat 350 g of fish per week, of which 200 g should be fatty fish (5) . This 43 guideline is directed at the healthy population over 3 years of age. As a step towards developing 44 personalized guidelines, we previously modelled individual fish intake recommendations for eight 45 species of fish for 3,016 Danes, using mathematical optimization methods and found that 74% of the 46 study population should be advised to increase their fish consumption (2) . The modelled intakes fulfilled 47 constraints on eicosapentaenoic acid (EPA), docosahexaenoic acid (DHA), vitamin D, methyl mercury, 48 dioxins, and dioxin-like polychlorinated biphenyls (dl-PCBs), as these nutrients and contaminants are 49 the main contributors of beneficial and adverse health effects from fish consumption (6) .
50
Most nutrients and contaminants present in a specific food (such as fish) can be provided by 51 background exposure as well, which can impact the critical intake levels of the food product 52 considered. When optimizing the intake of one specific food, the background exposure to nutrients and 53 contaminants that can be found in the food product in question needs to be considered. While previous concentrations for methyl mercury, we used the same conservative approach as used by EFSA (11) : 87 100% of mercury in fish was considered as methyl mercury, and methyl mercury comprised 80% of 88 total mercury in seafood other than fish. For three lean fish species (European flounder, garfish, and 89 saithe), data on one or more nutrient or contaminant were missing. European flounder is in the same 90 family as plaice and therefore the data on plaice was used when a value was missing (methyl mercury).
91
Saithe is in the same family as cod, and data on cod was used accordingly (EPA + DHA and 92 dioxins + dl-PCBs). Garfish is not in the same family as any of the other species included in this study.
93
For garfish, the average value of the lean species was used when a value was missing (methyl 94 mercury). The concentrations used in this study are presented in Table 2 .
95
Limit values 96
The recommended daily intake for EPA + DHA (12) and vitamin D (13) , and the tolerable weekly intake 97 per body weight for methyl mercury (11) and dioxins + dl-PCBs (14) were used as limit values (Table 3) .
98
These recommendations are for total intake and exposure, and therefore background intake and , but it was neglected because the contaminant constraints were limiting the fish intake 103 amount long before this value could be reached.
104
Model overview
105
The quadratic programming model (2) is expressed as:
where the vector (d×1) 115
The model constraints ensure that the optimized intake meets weekly lower limits on the nutrients
116
EPA + DHA and vitamin D (b) without violating weekly upper limits on the contaminants methyl 117 mercury and dioxins + dl-PCBs (c), and the constraints make sure that no negative intake occurs (d).
118
The vector (m×1) describes the weekly lower limits for the nutrient intake amounts due to fish intake 119 (m=2), and ( k×1) describes the weekly upper limits for the contaminant intake amounts (k=2 
129
Background exposure
130
Other foods 131
The background intake of nutrients and exposure to contaminants due to foods other than fish were 132 potentially supplied by the 416 of the 433 reported foods in the intake data that were not fish (Danish national survey of diet and physical (DANSDA 2011-13, unpublished data (Table 4 ). In the study population, 62% of the women and 49% of the men had recorded 152 intake of supplements containing vitamin D. No data on EPA + DHA supplement intake were available 153 and therefore only vitamin D supplement intake was included in this study.
154
Sun and airborne contaminants 155
Vitamin D can be provided by UVB radiation from the sun that gets synthesized in the skin. In Denmark (latitude 55°N to 58°N), there is a significant seasonal variation in how much UVB radiation 157 that reaches the surface of the earth; the highest level is in summer, and the lowest in winter (16, 17) . We 158 calculated (see Appendix) three different scenarios for sun exposure to cover the seasonal variation;
159
Winter, Mid-season, and Summer. Food consumption is the major source of dioxins, contributing to 160 more than 90% of the total human exposure (18) . We calculated (see Appendix) two different scenarios 161 for airborne dioxin exposure; baseline (default) and low dioxin (LD). For methyl mercury, fish and 162 seafood consumption is considered the major source of exposure (11, 19) , and the average exposure due to air is < 0.04 µg/d (19) . Since our assumptions for methyl mercury concentration in food were 164 conservative, we assumed food as the only source.
165
Software
166
The models were implemented using Matlab (R2015b, version 8.6). The package CVX, for specifying 167 and solving convex programs (20) , was used for the optimization.
168
Background exposure scenarios 169 To analyse the impact of background exposure, 24 background exposure scenarios were created. First, 170 six scenarios for the sun and airborne contaminant exposure were defined, combining the Winter, Mid-171 season, and Summer sun exposure scenario with the baseline and LD airborne dioxin scenarios (see 172   Table 5a ). These six scenarios were run with individual intake of foods other than fish and individual 173 supplement intake, individual intake of foods other than fish without supplements (by assigning all 174 individuals zero supplement intake), gender-specific average values for intake of foods other than fish 175 and gender-specific average supplement intake, and gender-specific average values for intake of foods 176 other than fish without supplements. Hence, in total, 24 background exposure scenarios were created 177 and each scenario was given a short name ( Table 5b ). The Mid-season scenario with individual intake 178 of foods other than fish and individual supplement intake (Mid-season Ind) is the baseline background 179 exposure scenario of our study.
180
Results
181
Mid-season and individual values 182
Out of the 3,016 individuals in the study population, there were 24 individuals not obtaining a feasible Table 6 ). Out of these, 22 had a background exposure to dioxins + dl-PCBs that was higher than the 186 threshold (14 pg TEQ/kg BW/wk). The other two had a background exposure to dioxins + dl-PCBs just 187 below the threshold, but there was a conflict with the nutrient constraints, so that no fish intake could 188 fulfil all constraints. The observed intake and the modelled recommendations with the Mid-season Ind 189 scenario, which is our baseline scenario, are grouped into lean and fatty fish, for the purpose of visualization (see Figure 1) . The average modelled fish intake recommendations (also grouped into 191 lean and fatty fish) with the 24 different background exposure scenarios can be seen in functions. For these functions, the value on the y-axis at any specified value of the delta fish intake is 195 the fraction of individuals in the study population that should be suggested to make a change less than 196 or equal to the specified value. species is 1 to 3.3 for non-fish consumers.
254
Discussion
255
To our knowledge, this is the first intake optimization study exploring the effect of individual 256 background exposure to nutrients and contaminants due to the consumption of other foods and 257 supplements, as well as sun and airborne contaminant exposure. We showed that individual differences 258 in background exposure can be included in the analysis and that these differences provide additional harmful. However, the official guideline demands larger changes in consumption than necessary, which 277 may lead to a lack of compliance. This is concluded using our baseline scenario for background 278 exposure (Mid-season Ind). This was also concluded in our previous study on individual fish intake recommendations (2) . In the present study, we show that fewer individuals need to be recommended to 280 increase their fish intake when individual background exposures are used: 55% of the study population 281 compared with 74% as concluded in our previous study using the same average background exposures 282 for all individuals.
283
When only reported fish species are allowed in the modelled recommendation, larger intake amounts of 284 fish should be suggested compared with when all species are allowed. Since the reported intake was a species she/he do not wish to consume was available, the results could be further personalized by only 292 allowing the species she/he wants in the personalized recommendation.
293
A future application of our model could be to create software that individuals could use and generate 294 personalized recommendations themselves. The user would be asked by the software to insert how 295 much she/he currently consumes of some food items, and to select which additional food items she/he 296 would consider for consumption. By application of our model, the software could then generate a 297 personalized recommendation that accounts for the individual's inserted preferences. If the individual 298 would set too few foods she/he is willing to consume to obtain a feasible solution, the software would 299 have to ask the individual to select additional foods.
300
In our previous study (2) , all individuals obtained a feasible solution, i.e., a personalized value for methyl mercury and dioxin + dl-PCBs than to only modify fish intake. As mentioned, vitamin 306 D and dioxin + dl-PCBs, for example, can be provided by several animal products including diary. So, 307 the 24 individuals without feasible solutions should typically be suggested to eat less of these foods. In 308 this paper, fish was the only food in focus, foods other than fish were defined as background exposure,
309
and substitution with other foods was not considered, but the optimization approach can be extended to include foods other than fish in the optimization variable; even whole diets can be optimized (3, 4, 21) . By 311 expanding the optimization to several foods and ultimately whole diets, the substitution issue is 312 resolved. This may require inclusion of several additional constraints on nutrients and contaminants on 313 top of those mentioned in this fish intake optimization study. 
325
In previous fish intake optimization studies, it has been concluded that when a substantial amount of 326 vitamin D is required to come from fish, there is a conflict between vitamin D and contaminants (2, 7) . In 327 these studies, all individuals were assigned the same average background exposures. In the present 328 study, we concluded that there is a conflict only for 25 individuals when sun exposure and supplements consumption. This would result in lower and hence more achievable fish intake recommendations.
337
Obviously, if we would have been able to include the intake of fish oil supplements as well, fish intake 338 recommendations based on EPA + DHA requirements would have reduced even more.
339
This approach can be used to estimate personalized intake recommendations for other foods and/or 340 other populations. When considering using average values for background exposure, we suggest starting by performing a rough scenario analysis with different average values to investigate the 342 sensitivity of the results on the background exposure, and to obtain an indication of how many 343 individuals can be at risk of exceeding the tolerable intake levels for the contaminants. After this, a 344 conscious decision on whether or not to include individual background exposure data can be made.
345
This applies to all background exposures, but especially to supplements because the nutrient 346 concentration(s) in supplements are usually high (and often cover the recommended intake(s) alone), 347 and individuals either take or not take supplements. If individual supplement intake data are used, the 348 modelled recommendations may be grouped into two clusters of individuals, with and without reported 349 supplement intake, which is important to stress when communicating the modelled recommendations. Table 1 . Observed fish intake. Reported fish intake data from DANSDA. Study population: 3,016 individuals aged 18-75 y.
Women, n = 1,552
Men, n = 1,464 
Tolerable weekly intake
Methyl mercury, µg/kg BW/wk 1.3
Dioxins + dl-PCBs, pg TEQ/kg BW/wk 14 (14) EPA, eicosapentaenoic acid; DHA, docosahexaenoic acid; d, day; BW, body weight; wk, week; dl-PCBs, dioxin-like polychlorinated biphenyls Table 4 . Nutrient and contaminant exposure. Reported whole diet data and supplement intake data from DANSDA multiplied with concentration data for nutrients and contaminants (8) (9) (10) . Average intake other foods . We used data from an Irish study to define the linear relation between this vitamin D 450 status and intake. In the Irish study (22) , conditional distributions of serum 25(OH)D concentration (in were multiplied with 7 days to obtain weekly values.
467
Airborne dioxin
468
To estimate a value of the exposure to airborne dioxin, we defined the relations: where = % of total exposure from food, 0 < ≤ 100. We calculated the mean airborne exposure for 471 the study population, using the population mean (376 pg TEQ/wk). As the baseline value, a 472 conservative assumption, x = 90%, was used. An alternative low dioxin (LD) value corresponded to 473 x = 95%.
